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ABSTRACT

There is increasing appreciation that dietary components influence and interact with genes important to metabolism. How such influences impact
developmental regulation and programming or risks of chronic diseases remains unclear. Nutrition is recognized to affect development and chronic
diseases, but our understanding about how genes essential to nutrient metabolism regulate development and impact risks of these diseases
remains unclear. Historically, mammalian models, especially rodents such as rats and mice, have been the primary models used for nutrition and
developmental nutrition science, although their complexity and relatively slow rate of development often compromise rapid progress in resolving
fundamental, genetic-related questions. Accordingly, the objective of this review is to highlight the opportunities for developmental models in the
context of uncovering the function of gene products that are relevant to human nutrition and provide the scientific bases for these opportunities.
We present recent studies in zebrafish related to obesity as applications of developmental models in nutritional science. Although the control
of external factors and dependent variables, such as nutrition, can be a challenge, suggestions for standardizations related to diet are made to
improve consistency in findings between laboratories. The review also highlights the need for standardized diets across different developmental
models, which could improve consistency in findings across laboratories. Alternative and developmental animal models have advantages and
largely untapped potential for the advancement of nutrigenomics and nutritionally relevant research areas. Adv Nutr 2020;11:971–978.

Keywords: comparative genomics, diet, genetics, obesity, mutation, polymorphism, nutrigenomics

Introduction
This review describes recent advances in the genetic ma-
nipulations of organisms suitable for developmental studies,
with an emphasis on zebrafish and obesity to represent
examples related to nutrition. The identification of genes and
associated gene variants that contribute toward nutrition-
related risks of disease is a critical component for the imple-
mentation of nutrigenomics and personalized nutrition.

Although there are many experimental models, each has
its benefits and drawbacks that influence the selection of
the particular model (Table 1). However, with recent studies
showing the role of genetics in nutrient metabolism, it is
possible that the potential utility of some model organisms
could be underappreciated. Sequencing databases are now
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available for many model organisms (Table 2), including
Caenorhabditis elegans (worms, Wormbase) (1), Drosophila
melanogaster (fruit flies, Flybase) (2), Danio rerio (zebrafish,
ZFIN) (3), and Xenopus laevis and X. tropicalis (frogs,
Xenbase) (4). These sequences are particularly valuable for
reverse genetic approaches and transcriptome analyses such
as RNA sequencing. Whole genome or exome sequencing
and other DNA sequencing or RNA sequencing technologies
are valuable emerging tools in both developmental biology
and genomics (5–7).

Obesity risk is recognized to be polygenic, with >100
different genetic loci linked to adiposity (8, 9), and genetics
has a large role in the risk of childhood obesity (10).
Because changes in adiposity can be visualized early in
development, the manipulation of obesity-associated genes
can be analyzed through externally observed phenotypes.
Accordingly, nonmammalian models such as zebrafish have
frequently been used to study obesity from a variety of
perspectives (Table 3), particularly how genetics can impact
obesity.
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TABLE 1 Comparison of the physiological, anatomical, housing, and dietary considerations relevant to these experimental animal models1

Caenorhabditis
elegans

Drosophila
melanogaster

Zebrafish
(Danio rerio) Xenopus Mouse Human

Organism Nematode Fruit fly Bony fish Frog Rodent Primate
Adipose No Fat body Yes Yes Yes Yes
Liver No Fat body Yes Yes Yes Yes
Pancreas No Insulin-producing

cells
Yes Yes Yes Yes

Placenta No No No No Yes Yes
Mammary gland No No No No Yes Yes
Housing type Dishes (group) Vials (group) Aquatic tank (group) Aquatic tank (group) Monitored dry cages

(1–4 mice per cage)
Variable,

monitored
Housing costs (11) Very low Very low Moderate Moderate Very high Very high
Generation interval (11) 4 d 1 wk Months Months Months Decades
Brood size Hundreds Hundreds Hundreds Hundreds Dozen or less One
Diet type for manipulations

(defined or semidefined)
Growth media Moist powder Pellet/flake (added to

water)
Pellet (added to water) Dry powder or pellet Variable

1Some of these comparisons, particularly housing costs and generation time, have been reviewed previously by Dow (11).

Differences Between Developmental Models
and Human Systems
There are differences between some developmental models
and human systems that need to be accounted for when
translating results across species. For example, whereas
models such as Xenopus are excellent models for neu-
ral tube closure because of their high conservation with
human orthologous genes in this developmental process
(12), Xenopus (and other nonmammalian) models would
obviously be a poor model for placental or mammary
gland function. It is possible that gene function differs
across species due to evolutionary trends. For example, an
ancestral gene with dual functions might be duplicated in
other species, leading to subfunctionalization in which gene
functions become split between 2 paralogs (13). Different
members of the transient receptor potential melastatin type
(TRPM) channel gene family have varied selectivity for
individual ions in humans and other mammals (14), whereas
the single Trpm gene in Drosophila is important for both
zinc (15) and magnesium (16) homeostasis during larval
development.

Combinations of these genomic and developmental ap-
proaches are likely the next phase of gene discovery and
characterization. For example, transcriptome analyses com-
bined with loss-of-function approaches have been effective
for uncovering novel zinc transporter genes in Drosophila

(24). Genome-wide screens in developmental models such
as Drosophila (25), ongoing knockout screens in zebrafish
(26), along with knockout mice characterization (27) will
aid this effort to identify nutrient metabolism genes required
for development and health. The use of these alternative
animal models to study the role of nutrition can exploit
the advantages of these systems, particularly in relation to
how nutrient metabolism genes function and interact with
environmental factors such as nutrient intake.

Lack of Standardized Diets for Developmental
Models
Nutrient manipulations in many developmental models can
be complicated owing to the lack of standardization of the
“diets” used for nonmammalian models. This is in contrast
to the well-defined diets that are often used for research with
the mouse or rat (28). As a result, for many investigators
the use of some nonmammalian developmental models for
nutrition research is unappealing at first glance. The lack of
diet standardization is a limitation that should be addressed
to reduce variability in studies in which developmental
models are used in nutrition research. Standardized diets,
like American Institute of Nutrition rodent diets (AIN-93),
specify micronutrient and macronutrient components for
diet composition (28). In contrast, there are no current

TABLE 2 Comparison of the estimated number of genes, genome sizes, and the release dates of the genome sequences of selected
developmental model organisms, mice, and humans

Caenorhabditis
elegans

Drosophila
melanogaster

Zebrafish
(Danio rerio)1 Xenopus tropicalis Mouse Human

Organism Nematode Fruit fly Bony fish Frog Rodent Primate
Number of genes 20,000 15,000 26,000 20,000 22,000 23,000
Genome size,2 Mbp 97 140 1400 1700 2500 2900
Year of release 1998 (17) 2000 (18) 2013 (19) 2010 (20) 2002 (21) 2001 (22, 23)
1Although the release date of the zebrafish genome is later than many other developmental model organisms, it is considered reference quality (like the human and mouse
genomes) (19).
2Genome size is indicated per million base pairs (Mbp).
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TABLE 3 Summary of selected research in zebrafish and obesity1

Topic Summary of research

Prader–Willi syndrome and
associated genes

Zebrafish or other developmental organisms could be attractive systems for studying feeding and obesity related
to Prader–Willi syndrome (29). Orthologs for many genes in this region are present in zebrafish (29). In addition,
mutations of the lepr (30), mc4r (31), and pou3f2 (32) genes have been performed in zebrafish. Although these
genes are outside the Prader–Willi locus, they affect pathways implicated in Prader–Willi syndrome (29)

Bardet–Biedl syndrome and
associated genes

There are ≥19 separate genes that can lead to Bardet–Biedl syndrome when mutated individually (33), and
almost all of these genes are associated with obesity. Zebrafish have been used to confirm the role of
candidate genes for Bardet–Biedl syndrome and elucidate the mechanisms by which Bardet–Biedl syndrome
proteins affect ciliary function (34–37). However, the impact of Bardet–Biedl syndrome proteins on
mechanisms associated with obesity has not been explored in zebrafish or other developmental models

Fat mass and
obesity-associated gene
(FTO) and GWAS
fine-mapping

Fine-mapping of causal genes and variants from GWAS studies can benefit from the use of alternative organisms
(38). Studies in zebrafish demonstrated that the FTO locus contains long-range enhancers that regulate a
different neighboring gene, Iroquois-class homeodomain protein 3 (IRX3). Noncoding regulatory elements
within this haplotype block of the FTO gene can activate pancreatic reporter expression in mice and zebrafish.
Conserved enhancer elements found within the FTO intron physically interact with promoter regions for both
IRX3 and IRX5 in humans and zebrafish (39, 40)

Melanocortin-4 receptor
(MC4R)

Zebrafish is a relevant model for MC4R-associated obesity. In zebrafish, strain Sa122 lacks a functional MC4R gene
(31) and has disrupted food intake resembling the hyperphagia found in dominantly inherited obesity in
humans with frameshift mutations in MC4R (41, 42)

Melanocortin-2 receptor
accessory protein (MRAP2)

The conserved role of mrap2 in growth and development in zebrafish provides new insights into the effects of
the MRAP2 gene in human obesity. Heterozygous mutations in MRAP2 are found in severe, early-onset obesity
(43). In zebrafish, paralogs mrap2a and mrap2b influence growth by affecting the activity of MC4R and its
binding ligand α-melanocyte-stimulating hormone (44)

Semaphorins (SEMAs) Rare variants in semaphorin 3 genes (SEMA3A–G) and their receptors (PLXNA1–4, NRP1–2) have been detected in
individuals with severe obesity (45). A mutagenesis screen using CRISPR-mediated genome editing across 21
semaphorin-associated homologs in zebrafish alters adiposity. Of the 21 homologs, 5 mutants have increased
adiposity whereas 6 mutants have decreased adiposity. A GWAS in West Africans has linked variants in SEMA4D
to BMI (46). Studies in zebrafish have studied sema4d and its receptors plxnb2a and plxnb2b but remain
unexplored in the context of obesity

Diet-induced obesity in
zebrafish

Obesity can be induced in zebrafish by increased frequency of feeding and higher dietary fat content (47). Diets
can be administered to zebrafish within 5 d postfertilization (48). Zebrafish contain many of the tissues that are
implicated in metabolic syndrome in humans, including adipose, liver, and skeletal muscle (48). Comparative
transcriptomic analyses of adipose tissue in diet-induced obesity show similar profiles in zebrafish, rats, mice,
and humans (49). Diet-induced obesity in zebrafish in combination with microarray and 2-dimensional gel
electrophoresis has uncovered genes that affect hepatic steatosis (49)

Screening of obesity treatment
compounds

Pharmacological and dietary treatments can be tested in zebrafish. Chemical activation of NF-κB–inducing kinase
disrupts glucose metabolism in zebrafish in a similar fashion to mice (50). The small size of zebrafish larvae
allows growth in 96-well plates, which can be used for high-throughput testing of compounds related to
energy metabolism (51). Peroxisome proliferator–activated receptor and sirtuin 1 activators, β-adrenergic
agonists, and nicotinic acid in zebrafish result in changes in fat and cholesterol concentrations and gene
expression similar to those in rodents and humans (51). Dietary compounds can be tested in zebrafish for their
ability to prevent diet-induced obesity. Adult zebrafish fed green tea extract added to the high-fat diet had
reduced body weight gain and adiposity compared with fish fed only the high-fat diet (52)

High-fat diet and gut
microbiome

Gut microbiome, intestinal function, and gnotobiological approaches, such as germ-free housing, can be applied
to developmental models like zebrafish in order to study well-defined host–microbial interactions (53). High-fat
diets fed to zebrafish can alter gut microbiomes (54–57), including 16S ribosomal RNA microbiome profiles (54,
56), and induce intestinal inflammation (54). High-fat diet resulted in shifts in Bacteroidetes populations that
correlated with the expression of immunity-related genes for TNF (tnf) and IL-1β (il1b) and goblet cell count.
Furthermore, loss of mucosal architecture, increased mucin production, and greater goblet cell populations
were detected in zebrafish fed the high-fat diet, which are consistent with intestinal inflammation (54)

Probiotics and gut microbiome In zebrafish, the probiotic Lactobacillus rhamnosus can offset some effects of diet-induced obesity (57). In
zebrafish a high-fat diet results in greater weight gain compared with a low-fat diet. Probiotic treatment results
in reduced weight in high- and medium-fat groups compared with corresponding fat groups without
Lactobacillus supplementation. Both probiotic treatment and dietary fat content result in altered expression of
genes related to appetite and lipid metabolism. Although differences in gut microbiota are to be expected
between different organisms and even within the same species (58), developmental models can be useful for
studying the impact of probiotics on the gut microbiome

Methods for studying obesity
and gut function in zebrafish

Feeding intake and patterns can be analyzed in zebrafish (59). Zebrafish-specific benefits, such as tissue
transparency, can be combined with rapid, inexpensive, fluorescent lipid staining such as Nile red, lipophilic
boron-dipyrromethene dyes, or nitro blue tetrazolium–cholesterol to provide fast in vivo adipose imaging (60,
61). Goblet cells and mucin can be detected by Alcian blue staining (54). Methods for quantifying body
composition and bioenergetics, such as quantitative magnetic resonance (62) and Seahorse extracellular flux
analyzer (Agilent) (63), are being adapted for zebrafish and are useful for studying normal growth and activity
and models of impaired energy metabolism or obesity. BMI, as adjusted to g/cm2 for zebrafish (64), can be
used for body size measurements

1CRISPR, clustered regularly interspaced short palindromic repeats; GWAS, genome-wide association studies; lepr, leptin receptor; NRP, Neuropilin; PLXN, Plexin; pou3f2, POU class
3 homeobox 2.
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guidelines for standardized diet preparations in many other
organisms.

The findings from programs to identify the dietary
requirements of key model organisms would address many
issues that concern researchers in nutrition and from outside
disciplines. Researchers have manipulated micronutrient
diet composition to study C. elegans (65), Drosophila (15),
Xenopus (66), and zebrafish (67). Chemical chelation of
minerals, such as iron, zinc, and copper, has been used in
zebrafish, C. elegans, and Xenopus as alternative models of
micronutrient deficiencies (68–70). Defined diets have been
created by researchers to study the effects of dietary zinc
deficiency or vitamin E deficiency on zebrafish embryonic
development (71, 72). Low-boron diets developed initially
for rats (66, 73) have been adapted to study Xenopus egg
development and gastrulation. Relations between growth and
size during development and the zebrafish proteome have
been reported and are applicable for future nutrition studies
(74). Despite the recognition of the potential of zebrafish in
nutritional genomics research (75), the variability in com-
mercially available diets highlights a need for standardizing
the zebrafish diet (76). Similar concerns have also been raised
by Lüersen et al. (77) in the use of dietary-induced obesity
and diabetes in Drosophila.

Recent dietary and metabolic studies relevant to nutrition
using zebrafish attempt to fill such voids. For example,
specific dietary protein sources for zebrafish can affect body
size and composition during growth. Fish fed wheat gluten
had shorter length, lower body weight, and higher body fat
compared with other diets (78). In contrast, casein-fed fish
had shorter length and lower body weight, like gluten-fed
fish, but had lower body fat. Fish protein hydrolysate in
the diet results in higher body fat and lower lean mass in
zebrafish. This information, such as protein source origins,
is important when formulating or comparing the effects of
semidefined diets in fish. Another study investigating the
effects of a range of dietary crude protein and lipid content
on the growth and behavior of zebrafish found that a diet
consisting of 32% crude protein and 8% crude lipid, fed at 5%
of the fish body mass, was sufficient to support growth and
normal fish behavior (79). Researchers have also conducted
initial studies to determine the optimal diet composition
necessary to support maximal growth of zebrafish larvae
and provide accompanying complete body composition data
resulting from the feed, including measurements of essential
amino acids, various fatty acids, minerals, and trace elements
(80). Other studies have analyzed the proteomic changes
that occur during posthatching zebrafish development and
determined that the period between 20 and 40 d postfertil-
ization is the optimal timeframe for zebrafish fed Artemia
nauplii because the ingested energy is used primarily for
nonreproductive growth during this period, based upon
changes in protein profiles (74). Similar studies might also
be helpful for other types of diet or feed. Development of
diets that promote growth and development in laboratory
settings, followed by the standardization of diets, could

reduce variable results and simplify data interpretations in
alternative organisms such as zebrafish.

Zebrafish researchers have noted that variable nutrition
practices can lead to variability or impaired reproducibility
of studies that can hinder the adoption of alternative model
organisms by nutrition scientists (81). Watts et al. (81) have
noted that strict guidelines and references adopted for diet
formulations in rodent models have improved consistency
in research studies by different scientists. Watts et al. (81)
have proposed a number of factors, such as temperature,
photoperiod, oxygenation, water flow, and life stage (larvae
or adult), that should be considered by zebrafish researchers,
particularly if nutrition is a critical component. In particular,
the daily nutritional requirements of zebrafish need to be
established so that standardized reference diets can be set.
Many of these factors also apply to other model organisms,
and as zebrafish diets are set, perhaps these studies can
provide a path for researchers using other developmental and
alternative model organisms to follow.

As an example of how varied commercial diets can affect
growth, body fat deposition, and reproduction, Fowler et
al. (82) fed zebrafish 1 of 5 commercial diets commonly
used by researchers or a formulated reference diet for
16 wk starting from 21 d postfertilization. Differences in
weight and length were observed across all diets. Mean lipid
content, calculated as total lipid weight as a percentage of
dry body weight, also differed in fish fed different diets.
The reference diet closely matched the Artemia diet in
spawning success, which the authors attributed to the high
dietary fatty acid composition of Artemia brine shrimp.
Because the exact composition of dietary components of
these commercial aquatic diets is unknown, it is difficult to
confidently compare results between studies when diet is a
major and unaccounted environmental factor. Crude protein
was relatively consistent across all diets, ranging from 48%
to 61%. However, crude fiber in diets varied widely from
0.4% to 5%, and total carbohydrate differed from <2% to
>23%. The authors also noted that commercial aquaculture
diets can prioritize fast growth in the early zebrafish
lifespan (83), and it is unclear whether growth driven by
overnutrition occurs at the expense of long-term health (83).
Two commercial diets resulted in greater body lipid content
compared with the control reference diet, which is notable
because commercial diets have been used by researchers as
the basal control diet upon which high-fat or overnutrition
treatments are based. The formulated diet fed in this
study, with defined macronutrient, vitamin, and mineral
compositions, appeared to meet zebrafish growth require-
ments and would provide significant dietary consistency and
transparency.

There are different feeding models of obesity for zebrafish,
and a recent study has shown that different dietary models of
obesity can lead to distinct phenotypes (64). Some of these
methods result in phenotypes that better resemble obesity
and adipose dysfunction in humans. Landgraf et al. (64) com-
pared a control diet with 5 mg Artemia (22% fat, 44% protein,
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16% carbohydrate) per fish per day with 2 experimental diets,
1 group fed 60 mg Artemia per fish per day (normal-fat,
high-caloric group) and another group fed 5 mg Artemia and
30 mg egg yolk powder (59% fat, 32% protein, 2% carbohy-
drate), resulting in higher fat, isocaloric content compared
with the normal-fat group. Both experimental diets produced
zebrafish with heavier, longer fish with a higher BMI (g/cm2)
compared with control diet–fed fish. Both overfed groups
showed signs of adipocyte hypertrophy in both visceral and
subcutaneous adipocytes compared with the control group.
The normal-fat, high-caloric group had larger adipocytes in
the subcutaneous adipose than the high-fat group, whereas
the high-fat dietary group had larger adipocytes in the
visceral adipose compared with the normal-fat group. Blood
triglycerides and cholesterol were high in the high-fat group
compared with both normal-fat and control groups. Fish in
the high-fat–diet group also showed ectopic accumulation of
lipids in both liver and muscle compared with the normal-fat
and control groups, as shown by Oil Red O staining, MRI,
and hematoxylin-eosin staining. Livers of high-fat–diet fish
also had increased col1a1a (collagen 1a) mRNA abundance,
which is consistent with increased liver fibrosis (84). In
summary, attention to dietary approaches in experimental
animals, such as the high-fat diet used by this study, can result
in metabolic phenotypes that are better models for human
obesity. Greater consistency in the composition and use of
obesity-inducing diets could improve the interpretation of
studies conducted across different laboratories.

There are also essential considerations for environmen-
tal reporting given that whereas mammals are endother-
mic, many alternative animal models are ectothermic and
their whole-body heat regulation is dependent on both
metabolism and the external environment. As a consequence,
the use of ectothermic animal models allows treating tem-
perature as a variable in experiments designed to elucidate
physiological mechanisms that are linked to temperature
regulation and contribute toward conditions such as obesity.
Despite the immense variation in body size and physiology in
ectotherms, when adjustments are made for environmental
temperature (85, 86), their metabolic rates, relative heat pro-
duction, and oxygen consumption follow the same quarter-
power scaling laws as those for endothermic animals. Similar
arguments focusing on planarian energy requirements and
storage have been recently published (87).

The ability to respond to changes in the environment,
however, does dictate the need for detailed reporting of
methods. The rationale for stricter reporting guidelines in
nutritional studies with mammals is even more impor-
tant for studies that employ ectothermic animal models
(88). For example, diet components outside macronutrient
and micronutrient composition can impact physiological
responses. Phytochemicals present in commercial rodent
diets can induce hepatic phase I and II biotransformation
enzymes many-fold compared with more purified diets (89).
Commercial and fixed-formula diets can also differentially
affect the gut and oral microbiota and obesity development
(90). Until there is standardization in diet composition and

environmental housing (including temperature) for non-
mammalian models, data interpretation and comparisons
between studies will rely on detailed diet and methodological
reporting.

Conclusions
Most disorders of nutritional importance, including obesity,
are multifactorial, with interactions between polygenic and
environmental factors. The ability to manipulate diet in
combination with multiple genes in alternative developmen-
tal models complements current capabilities in traditional
organisms such as mice and rats. The identification of
genes that are required for health and function in nutrient
metabolism provides possible courses of action or improves
study designs for disease risk. For example, genetic scoring of
disease risk or treatment outcomes, such as in developmental
disorders like autism (91) or metabolic conditions such
as obesity (92), relies on the identification of specific,
causal gene polymorphisms. In the case of mendelian
randomization, these studies can leverage well-validated
genetic risk scores related to nutrient metabolism to improve
understanding of the impact of nutrient status on disease
pathogenesis (93). The use of developmental models for
continued identification of genes affecting adiposity could
eventually yield a more comprehensive index of obesity risk.
In addition, the study of gene function in combination with
dietary treatments or environmental factors could enable
targeted interventions designed to prevent childhood obesity
(94). It is acknowledged by the Academy of Nutrition and
Dietetics that precision nutrition holds significant promise
for dietitians and the future of clinical practice (95). However,
significant knowledge gaps need to be addressed before
precision nutrition meets the threshold for evidence-based
practice and can be implemented in a clinical setting (96).
Consequently, developmental models could be invaluable
tools for improving knowledge about gene–health relations
to further nutrigenomics and personalized nutrition.

Acknowledgments
The authors’ responsibilities were as follows—all authors:
wrote and revised the manuscript, and read and approved the
final manuscript.

References
1. Stein L, Sternberg P, Durbin R, Thierry-Mieg J, Spieth J. WormBase:

network access to the genome and biology of Caenorhabditis elegans.
Nucleic Acids Res 2001;29:82–6.

2. Ashburner M, Drysdale R. FlyBase—the Drosophila genetic database.
Development 1994;120:2077–9.

3. Sprague J, Doerry E, Douglas S, Westerfield M. The Zebrafish
Information Network (ZFIN): a resource for genetic, genomic and
developmental research. Nucleic Acids Res 2001;29:87–90.

4. Bowes JB, Snyder KA, Segerdell E, Gibb R, Jarabek C, Noumen E,
Pollet N, Vize PD. Xenbase: a Xenopus biology and genomics resource.
Nucleic Acids Res 2007;36:D761–7.

5. Meaburn E, Schulz R. Next generation sequencing in epigenetics:
insights and challenges. Semin Cell Dev Biol 2012;23:192–9.

Developmental models in nutrition research 975



6. Au KS, Ashley-Koch A, Northrup H. Epidemiologic and genetic aspects
of spina bifida and other neural tube defects. Dev Disabil Res Revs
2010;16:6–15.

7. Guryev V, Cuppen E. Next-generation sequencing approaches in
genetic rodent model systems to study functional effects of human
genetic variation. FEBS Lett 2009;583:1668–73.

8. Locke AE, Kahali B, Berndt SI, Justice AE, Pers TH, Day FR, Powell C,
Vedantam S, Buchkovich ML, Yang J, et al. Genetic studies of body mass
index yield new insights for obesity biology. Nature 2015;518:197–206.

9. Akiyama M, Okada Y, Kanai M, Takahashi A, Momozawa Y, Ikeda
M, Iwata N, Ikegawa S, Hirata M, Matsuda K, et al. Genome-wide
association study identifies 112 new loci for body mass index in the
Japanese population. Nat Genet 2017;49:1458–67.

10. Llewellyn CH, Trzaskowski M, Plomin R, Wardle J. Finding the missing
heritability in pediatric obesity: the contribution of genome-wide
complex trait analysis. Int J Obes 2013;37:1506–9.

11. Dow JA. Integrative physiology, functional genomics and the phenotype
gap: a guide for comparative physiologists. J Exp Biol 2007;210:1632–40.

12. Anderson KV, Ingham PW. The transformation of the model organism:
a decade of developmental genetics. Nat Genet 2003;33(Suppl):285–93.

13. Lynch M, Force A. The probability of duplicate gene preservation by
subfunctionalization. Genetics 2000;154:459–73.

14. Fleig A, Penner R. The TRPM ion channel subfamily: molecular,
biophysical and functional features. Trends Pharmacol Sci 2004;25:
633–9.

15. Georgiev P, Okkenhaug H, Drews A, Wright D, Lambert S, Flick
M, Carta V, Martel C, Oberwinkler J, Raghu P. TRPM channels
mediate zinc homeostasis and cellular growth during Drosophila larval
development. Cell Metab 2010;12:386–97.

16. Hofmann T, Chubanov V, Chen X, Dietz AS, Gudermann T, Montell
C. Drosophila TRPM channel is essential for the control of extracellular
magnesium levels. PLoS One 2010;5:e10519.

17. Consortium CeS. Genome sequence of the nematode C. elegans: a
platform for investigating biology. Science 1998;282:2012–8.

18. Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, Amanatides
PG, Scherer SE, Li PW, Hoskins RA, Galle RF, et al. The genome
sequence of Drosophila melanogaster. Science 2000;287:2185–95.

19. Howe K, Clark MD, Torroja CF, Torrance J, Berthelot C, Muffato M,
Collins JE, Humphray S, McLaren K, Matthews L, et al. The zebrafish
reference genome sequence and its relationship to the human genome.
Nature 2013;496:498–503.

20. Hellsten U, Harland RM, Gilchrist MJ, Hendrix D, Jurka J, Kapitonov
V, Ovcharenko I, Putnam NH, Shu S, Taher L, et al. The genome of the
Western clawed frog Xenopus tropicalis. Science 2010;328:633–6.

21. Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF, Agarwal
P, Agarwala R, Ainscough R, Alexandersson M, An P, et al. Initial
sequencing and comparative analysis of the mouse genome. Nature
2002;420:520–62.

22. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J,
Devon K, Dewar K, Doyle M, FitzHugh W, et al. Initial sequencing and
analysis of the human genome. Nature 2001;409:860–921.

23. Venter JC, Adams MD, Myers EW, Li PW, Mural RJ, Sutton GG, Smith
HO, Yandell M, Evans CA, Holt RA, et al. The sequence of the human
genome. Science 2001;291:1304–51.

24. Yepiskoposyan H, Egli D, Fergestad T, Selvaraj A, Treiber C, Multhaup
G, Georgiev O, Schaffner W. Transcriptome response to heavy metal
stress in Drosophila reveals a new zinc transporter that confers
resistance to zinc. Nucleic Acids Res 2006;34:4866–77.

25. Ivanov AI, Rovescalli AC, Pozzi P, Yoo S, Mozer B, Li HP, Yu SH,
Higashida H, Guo V, Spencer M, et al. Genes required for Drosophila
nervous system development identified by RNA interference. Proc Natl
Acad Sci U S A 2004;101:16216–21.

26. Kettleborough RN, Busch-Nentwich EM, Harvey SA, Dooley CM, de
Bruijn E, van Eeden F, Sealy I, White RJ, Herd C, Nijman IJ, et al.
A systematic genome-wide analysis of zebrafish protein-coding gene
function. Nature 2013;496:494–7.

27. Skarnes WC, Rosen B, West AP, Koutsourakis M, Bushell W, Iyer V,
Mujica AO, Thomas M, Harrow J, Cox T, et al. A conditional knockout

resource for the genome-wide study of mouse gene function. Nature
2011;474:337–42.

28. Reeves PG, Nielsen FH, Fahey GC, Jr. AIN-93 purified diets for
laboratory rodents: final report of the American Institute of Nutrition
ad hoc writing committee on the reformulation of the AIN-76A rodent
diet. J Nutr 1993;123:1939–51.

29. Spikol ED, Laverriere CE, Robnett M, Carter G, Wolfe EM,
Glasgow E. Zebrafish models of Prader-Willi syndrome: fast track
to pharmacotherapeutics. Diseases [Internet] 2016;4.

30. Michel M, Page-McCaw PS, Chen W, Cone RD. Leptin signaling
regulates glucose homeostasis, but not adipostasis, in the zebrafish. Proc
Natl Acad Sci U S A 2016;113:3084–9.

31. Agulleiro MJ, Cortes R, Fernandez-Duran B, Navarro S, Guillot R,
Meimaridou E, Clark AJ, Cerda-Reverter JM. Melanocortin 4 receptor
becomes an ACTH receptor by coexpression of melanocortin receptor
accessory protein 2. Mol Endocrinol 2013;27:1934–45.

32. Kasher PR, Schertz KE, Thomas M, Jackson A, Annunziata S, Ballesta-
Martinez MJ, Campeau PM, Clayton PE, Eaton JL, Granata T, et al.
Small 6q16.1 deletions encompassing POU3F2 cause susceptibility to
obesity and variable developmental delay with intellectual disability. Am
J Hum Genet 2016;98:363–72.

33. Mariman EC, Vink RG, Roumans NJ, Bouwman FG, Stumpel CT, Aller
EE, van Baak MA, Wang P. The cilium: a cellular antenna with an
influence on obesity risk. Br J Nutr 2016;116:576–92.

34. Nachury MV, Loktev AV, Zhang Q, Westlake CJ, Peranen J, Merdes A,
Slusarski DC, Scheller RH, Bazan JF, Sheffield VC, et al. A core complex
of BBS proteins cooperates with the GTPase Rab8 to promote ciliary
membrane biogenesis. Cell 2007;129:1201–13.

35. Seo S, Baye LM, Schulz NP, Beck JS, Zhang Q, Slusarski DC, Sheffield
VC. BBS6, BBS10, and BBS12 form a complex with CCT/TRiC family
chaperonins and mediate BBSome assembly. Proc Natl Acad Sci U S A
2010;107:1488–93.

36. Lim ET, Liu YP, Chan Y, Tiinamaija T, Karajamaki A, Madsen E,
Altshuler DM, Raychaudhuri S, Groop L, Flannick J, et al. A novel test
for recessive contributions to complex diseases implicates Bardet-Biedl
syndrome gene BBS10 in idiopathic type 2 diabetes and obesity. Am J
Hum Genet 2014;95:509–20.

37. Heon E, Kim G, Qin S, Garrison JE, Tavares E, Vincent A,
Nuangchamnong N, Scott CA, Slusarski DC, Sheffield VC. Mutations
in C8ORF37 cause Bardet Biedl syndrome (BBS21). Hum Mol Genet
2016;25:2283–94.

38. Herman MA, Rosen ED. Making biological sense of GWAS data: lessons
from the FTO locus. Cell Metab 2015;22:538–9.

39. Smemo S, Tena JJ, Kim KH, Gamazon ER, Sakabe NJ, Gomez-Marin
C, Aneas I, Credidio FL, Sobreira DR, Wasserman NF, et al. Obesity-
associated variants within FTO form long-range functional connections
with IRX3. Nature 2014;507:371–5.

40. Claussnitzer M, Dankel SN, Kim KH, Quon G, Meuleman W, Haugen
C, Glunk V, Sousa IS, Beaudry JL, Puviindran V, et al. FTO obesity
variant circuitry and adipocyte browning in humans. N Engl J Med
2015;373:895–907.

41. Vaisse C, Clement K, Guy-Grand B, Froguel P. A frameshift mutation in
human MC4R is associated with a dominant form of obesity. Nat Genet
1998;20:113–4.

42. Yeo GS, Farooqi IS, Aminian S, Halsall DJ, Stanhope RG, O’Rahilly S.
A frameshift mutation in MC4R associated with dominantly inherited
human obesity. Nat Genet 1998;20:111–2.

43. Asai M, Ramachandrappa S, Joachim M, Shen Y, Zhang R, Nuthalapati
N, Ramanathan V, Strochlic DE, Ferket P, Linhart K, et al. Loss of
function of the melanocortin 2 receptor accessory protein 2 is associated
with mammalian obesity. Science 2013;341:275–8.

44. Sebag JA, Zhang C, Hinkle PM, Bradshaw AM, Cone RD.
Developmental control of the melanocortin-4 receptor by MRAP2
proteins in zebrafish. Science 2013;341:278–81.

45. van der Klaauw AA, Croizier S, Mendes de Oliveira E, Stadler LKJ,
Park S, Kong Y, Banton MC, Tandon P, Hendricks AE, Keogh JM, et al.
Human semaphorin 3 variants link melanocortin circuit development
and energy balance. Cell 2019;176:729–42 e18.

976 Chowanadisai et al.



46. Chen G, Doumatey AP, Zhou J, Lei L, Bentley AR, Tekola-Ayele F,
Adebamowo SN, Baker JL, Fasanmade O, Okafor G, et al. Genome-wide
analysis identifies an African-specific variant in SEMA4D associated
with body mass index. Obesity 2017;25:794–800.

47. Zang L, Maddison LA, Chen W. Zebrafish as a model for obesity and
diabetes. Front Cell Dev Biol 2018;6:91.

48. Oka T, Nishimura Y, Zang L, Hirano M, Shimada Y, Wang Z,
Umemoto N, Kuroyanagi J, Nishimura N, Tanaka T. Diet-induced
obesity in zebrafish shares common pathophysiological pathways with
mammalian obesity. BMC Physiol 2010;10:21.

49. Shimada Y, Kuninaga S, Ariyoshi M, Zhang B, Shiina Y, Takahashi Y,
Umemoto N, Nishimura Y, Enari H, Tanaka T. E2F8 promotes hepatic
steatosis through FABP3 expression in diet-induced obesity in zebrafish.
Nutr Metab 2015;12:17.

50. Malle EK, Zammit NW, Walters SN, Koay YC, Wu J, Tan BM, Villanueva
JE, Brink R, Loudovaris T, Cantley J, et al. Nuclear factor kappaB-
inducing kinase activation as a mechanism of pancreatic beta cell failure
in obesity. J Exp Med 2015;212:1239–54.

51. Jones KS, Alimov AP, Rilo HL, Jandacek RJ, Woollett LA, Penberthy
WT. A high throughput live transparent animal bioassay to identify
non-toxic small molecules or genes that regulate vertebrate fat
metabolism for obesity drug development. Nutr Metab 2008;5:23.

52. Meguro S, Hasumura T, Hase T. Body fat accumulation in zebrafish is
induced by a diet rich in fat and reduced by supplementation with green
tea extract. PLoS One 2015;10:e0120142.

53. Melancon E, Gomez De La Torre Canny S, Sichel S, Kelly M, Wiles TJ,
Rawls JF, Eisen JS, Guillemin K. Best practices for germ-free derivation
and gnotobiotic zebrafish husbandry. Methods Cell Biol 2017;138:
61–100.

54. Arias-Jayo N, Abecia L, Alonso-Saez L, Ramirez-Garcia A, Rodriguez
A, Pardo MA. High-fat diet consumption induces microbiota dysbiosis
and intestinal inflammation in zebrafish. Microb Ecol 2018;76:
1089–101.

55. Wong S, Stephens WZ, Burns AR, Stagaman K, David LA, Bohannan
BJ, Guillemin K, Rawls JF. Ontogenetic differences in dietary fat
influence microbiota assembly in the zebrafish gut. mBio 2015;6:
e00687–15.

56. Navarro-Barron E, Hernandez C, Llera-Herrera R, Garcia-Gasca A,
Gomez-Gil B. Overfeeding a high-fat diet promotes sex-specific
alterations on the gut microbiota of the zebrafish (Danio rerio).
Zebrafish 2019;16:268–79.

57. Falcinelli S, Rodiles A, Hatef A, Picchietti S, Cossignani L, Merrifield
DL, Unniappan S, Carnevali O. Dietary lipid content reorganizes gut
microbiota and probiotic L. rhamnosus attenuates obesity and enhances
catabolic hormonal milieu in zebrafish. Sci Rep 2017;7:5512.

58. Hildebrand F, Nguyen TL, Brinkman B, Yunta RG, Cauwe B,
Vandenabeele P, Liston A, Raes J. Inflammation-associated enterotypes,
host genotype, cage and inter-individual effects drive gut microbiota
variation in common laboratory mice. Genome Biol 2013;14:R4.

59. Volkoff H, Peter RE. Feeding behavior of fish and its control. Zebrafish
2006;3:131–40.

60. Minchin JE, Rawls JF. In vivo imaging and quantification of regional
adiposity in zebrafish. Methods Cell Biol 2017;138:3–27.

61. Tingaud-Sequeira A, Ouadah N, Babin PJ. Zebrafish obesogenic test:
a tool for screening molecules that target adiposity. J Lipid Res
2011;52:1765–72.

62. Fowler LA, Dennis LN, Barry RJ, Powell ML, Watts SA, Smith DL, Jr. In
vivo determination of body composition in zebrafish (Danio rerio) by
quantitative magnetic resonance. Zebrafish 2016;13:170–6.

63. Stackley KD, Beeson CC, Rahn JJ, Chan SS. Bioenergetic profiling of
zebrafish embryonic development. PLoS One 2011;6:e25652.

64. Landgraf K, Schuster S, Meusel A, Garten A, Riemer T, Schleinitz D,
Kiess W, Korner A. Short-term overfeeding of zebrafish with normal or
high-fat diet as a model for the development of metabolically healthy
versus unhealthy obesity. BMC Physiol 2017;17:4.

65. Roh HC, Collier S, Guthrie J, Robertson JD, Kornfeld K. Lysosome-
related organelles in intestinal cells are a zinc storage site in C. elegans.
Cell Metab 2012;15:88–99.

66. Fort DJ, Stover EL, Strong PL, Murray FJ, Keen CL. Chronic feeding
of a low boron diet adversely affects reproduction and development in
Xenopus laevis. J Nutr 1999;129:2055–60.

67. Zheng D, Kille P, Feeney GP, Cunningham P, Handy RD, Hogstrand
C. Dynamic transcriptomic profiles of zebrafish gills in response to zinc
depletion. BMC Genomics 2010;11:548.

68. Mendelsohn BA, Yin C, Johnson SL, Wilm TP, Solnica-Krezel L, Gitlin
JD. Atp7a determines a hierarchy of copper metabolism essential for
notochord development. Cell Metab 2006;4:155–62.

69. Dietrich N, Schneider DL, Kornfeld K. A pathway for low zinc
homeostasis that is conserved in animals and acts in parallel to
the pathway for high zinc homeostasis. Nucleic Acids Res 2017;45:
11658–72.

70. Jornvall H, Falchuk KH, Geraci G, Vallee BL. 1,10-Phenanthroline
and Xenopus laevis teratology. Biochem Biophys Res Commun
1994;200:1398–406.

71. Beaver LM, Nkrumah-Elie YM, Truong L, Barton CL, Knecht AL,
Gonnerman GD, Wong CP, Tanguay RL, Ho E. Adverse effects
of parental zinc deficiency on metal homeostasis and embryonic
development in a zebrafish model. J Nutr Biochem 2017;43:78–87.

72. Miller GW, Labut EM, Lebold KM, Floeter A, Tanguay RL, Traber
MG. Zebrafish (Danio rerio) fed vitamin E-deficient diets produce
embryos with increased morphologic abnormalities and mortality. J
Nutr Biochem 2012;23:478–86.

73. Lanoue L, Taubeneck MW, Muniz J, Hanna LA, Strong PL, Murray FJ,
Nielsen FH, Hunt CD, Keen CL. Assessing the effects of low boron diets
on embryonic and fetal development in rodents using in vitro and in
vivo model systems. Biol Trace Elem Res 1998;66:271–98.

74. Gomez-Requeni P, Conceicao LE, Olderbakk Jordal AE, Ronnestad I. A
reference growth curve for nutritional experiments in zebrafish (Danio
rerio) and changes in whole body proteome during development. Fish
Physiol Biochem 2010;36:1199–215.

75. Ulloa PE, Iturra P, Neira R, Araneda C. Zebrafish as a model organism
for nutrition and growth: towards comparative studies of nutritional
genomics applied to aquacultured fishes. Rev Fish Biol Fisheries
2011;21:649–66.

76. Penglase S, Moren M, Hamre K. Lab animals: standardize the diet for
zebrafish model. Nature 2012;491:333.

77. Lüersen K, Roder T, Rimbach G. Drosophila melanogaster in nutrition
research—the importance of standardizing experimental diets. Genes
Nutr 2019;14:3.

78. Smith DL, Jr, Barry RJ, Powell ML, Nagy TR, D’Abramo LR, Watts
SA. Dietary protein source influence on body size and composition in
growing zebrafish. Zebrafish 2013;10:439–46.

79. O’Brine TM, Vrtelova J, Snellgrove DL, Davies SJ, Sloman KA. Growth,
oxygen consumption, and behavioral responses of Danio rerio to
variation in dietary protein and lipid levels. Zebrafish 2015;12:296–304.

80. Kaushik S, Georga I, Koumoundouros G. Growth and body
composition of zebrafish (Danio rerio) larvae fed a compound
feed from first feeding onward: toward implications on nutrient
requirements. Zebrafish 2011;8:87–95.

81. Watts SA, Powell M, D’Abramo LR. Fundamental approaches to the
study of zebrafish nutrition. ILAR J 2012;53:144–60.

82. Fowler LA, Williams MB, Dennis-Cornelius LN, Farmer S, Barry RJ,
Powell ML, Watts SA. Influence of commercial and laboratory diets on
growth, body composition, and reproduction in the zebrafish Danio
rerio. Zebrafish 2019;16:508–21.

83. Watts SA, Lawrence C, Powell M, D’Abramo LR. The vital relationship
between nutrition and health in zebrafish. Zebrafish 2016;13(Suppl
1):S72–6.

84. Bataller R, Brenner DA. Liver fibrosis. J Clin Invest 2005;115:
209–18.

85. Allen AP, Brown JH, Gillooly JF. Global biodiversity, biochemical
kinetics, and the energetic-equivalence rule. Science 2002;297:1545–8.

86. Gillooly JF, Charnov EL, West GB, Savage VM, Brown JH. Effects of size
and temperature on developmental time. Nature 2002;417:70–3.

87. Thommen A, Werner S, Frank O, Philipp J, Knittelfelder O, Quek
Y, Fahmy K, Shevchenko A, Friedrich BM, Jülicher F, et al. Body

Developmental models in nutrition research 977



size-dependent energy storage causes Kleiber’s law scaling of the
metabolic rate in planarians. eLife [Internet] 2019;8:e38187.

88. Rucker RB, Watkins BA. Inadequate diet descriptions: a conundrum for
animal model research. Nutr Res 2019;65:1–3.

89. Rudolf JL, Bauerly KA, Tchaparian E, Rucker RB, Mitchell AE. The
influence of diet composition on phase I and II biotransformation
enzyme induction. Arch Toxicol 2008;82:893–901.

90. Dalby MJ, Ross AW, Walker AW, Morgan PJ. Dietary uncoupling of gut
microbiota and energy harvesting from obesity and glucose tolerance in
mice. Cell Rep 2017;21:1521–33.

91. Andersson E, Crowley JJ, Lindefors N, Ljotsson B, Hedman-Lagerlof E,
Boberg J, El Alaoui S, Karlsson R, Lu Y, Mattheisen M, et al. Genetics of
response to cognitive behavior therapy in adults with major depression:
a preliminary report. Mol Psychiatry 2019;24:484–90.

92. Walter S, Mejia-Guevara I, Estrada K, Liu SY, Glymour MM.
Association of a genetic risk score with body mass index across different
birth cohorts. JAMA 2016;316:63–9.

93. Qi L. Mendelian randomization in nutritional epidemiology. Nutr Rev
2009;67:439–50.

94. Verrotti A, Penta L, Zenzeri L, Agostinelli S, De Feo P. Childhood
obesity: prevention and strategies of intervention. A systematic review
of school-based interventions in primary schools. J Endocrinol Invest
2014;37:1155–64.

95. Camp KM, Trujillo E. Position of the Academy of Nutrition and
Dietetics: nutritional genomics. J Acad Nutr Diet 2014;114:299–312.

96. Rozga M, Handu D. Nutritional genomics in precision nutrition: an
evidence analysis center scoping review. J Acad Nutr Diet 2019;119:
507–15 e7.

978 Chowanadisai et al.


